An octadecyltrichlorosilane (OTS) superhydrophobic film using phase-separation method was prepared to demonstrate the antiicing property of superhydrophobic surfaces. The superhydrophobicity of the film at −5 ∘ C was investigated. It was found that the prepared OTS film retained its superhydrophobicity at −5 ∘ C by the measurement of contact angle and roll-off angle. The icing progress of water droplets on the surface at −15 ∘ C was observed. It showed that the prepared OTS film can markedly retard the icing process of water droplets and dramatically decrease the ice adhesion strength compared with that of blank surface, which can be used as anti-icing surfaces.
Introduction
It is well known that icing occurs when water changes from liquid to solid phase. Ice adhesion and accumulation on critical parts of structures will cause damaging problems, severe accidents, and economic losses in the fields of aerospace, transportation and power communication. For instance, droplets of supercooled water often exist in stratiform and cumulus clouds. Aircraft flying through these clouds seed an abrupt crystallization of these droplets, which can result in the formation of ice on the aircraft's wings or blockage of its instruments, unless the aircrafts are equipped with an appropriate deicing system. Icing on plane will reduce the handling and stability performance, which may cause aviation accident.
Superhydrophobicity has drawn widespread attention for its self-cleaning character and potential application in fluid devices, water repellency textile and functional separation equipment [1] [2] [3] [4] . Generally, a surface with a contact angle larger than 150
∘ and a roll-off angle less than 10 ∘ is defined as superhydrophobic surface. A few kinds of superhydrophobic surfaces have been developed by self-assembling [5] [6] [7] [8] , etching [9, 10] , phase-separation method [1, 11] , and so forth.
Numerous researchers have reported the application of superhydrophobic surface on water repellency at room temperature [12, 13] . It has been reported that icing may be retarded on superhydrophobic surface [14] . However, few researches were concerned with the possibility of applying superhydrophobic surface in subzero environment. And the effect of surface wettability on retarding ice formation still needs experimental investigation.
In this paper, a facile method to prepare superhydrophobic surface by phase-separation technology was proposed. The hydrophobicity of the prepared OTS film was greatly enhanced compared to the conventional dip-dry method with the contact angle less than 120 ∘ [10] . To carry out the icing experiment, a small cold storage was established which could offer temperature low at −30 ∘ C. Both of the static and dynamic hydrophobicities of the prepared surface were studied in subzero environment. The icing process on the superhydrophobic surface was also observed. Based on the classical heterogeneous nucleation theory, the icing behaviors of droplets on superhydrophobic surface were discussed. Based on the bonding forces measured between the prepared surface and ice, the ice adhesion strengths were calculated and compared with those of blank surface. 
Materials and Methods

Preparation of Samples.
The substrate used in this study is silicon wafer with a radius of 3 inches and a thickness of 0.45 mm. A coating solution of 0.1 mL octadecyltrichlorosilane (OTS, Acros Organics, USA) that dissolved in 30 mL normal hexane was prepared. Dichloromethane and acetone were selected as nonsolvents. The clean silicon wafer was dipped into the coating solution for 1 minute. After evaporation for 1 minute at room temperature, the substrate coated with OTS film was immersed in the nonsolvent for 5 minutes, where a phase-separation process took place and the micronano rough surface structure formed. Figure 1 illustrates the procedures of one-step dip-dry method and phase-separation process.
In a phase-separation progress, it is of common occurrence that solid/liquid phases separate and liquid/liquid phases separate. Due to the interactions of these phaseseparation processes, the solute will form rough microstructures after crystallization. The rough microstructures usually possess nanometer scale roughness, while the microstructures formed using the conventional dip-dry method can only show micrometer scale roughness.
Characterization and Test.
The micrographs of the OTS film were characterized by a scanning electron microscope (Zeiss Ultra55). A video-based contact angle measurement system (POWEREACH, JC2000D) was used to measure and record the water contact angles (WCAs) and roll-off angles of the samples. The static WCAs were measured at least 3 times using the sessile drop method by dispersing 5 L drops of deionized water onto the sample surface. The roll-off angles were measured by tilting the substrate and the slant angles were recorded when the droplet rolled off across the surface in a downhill direction. A small cold storage was established, where the temperature could be adjusted between 0 ∘ C and −30 ∘ C by a refrigerating unit. To measure the contact and roll-off angles in subzero environment, the temperature in the cold store was set at −5 ∘ C. The relative humidity was 40%. The water and the substrate were cooled at −5 ∘ C for 3 h before the test.
The icing process was performed in the cold storage from −9 ∘ C to −15 ∘ C. The droplets were dropped onto the treated superhydrophobic surface by 1 mL syringe at 1 ∘ C. Then the temperature was reduced until icing process finished. The status of the droplets was recorded by digital camera every hour.
The bonding force between ice droplets and the film surface was tested at −15 ∘ C using a bonding force measurement system (RHESCA, PTR-1101). Figure 2 illustrated schematic diagram of the bonding force test.
As depicted in Figure 2 , the water droplet froze on the OTS film surface coated on the silicon substrate which was fixed on the objective table. The probe with a mechanical sensor was set at an appropriate position by the controller. Then the probe began to move horizontally at 1 mm/s and push the ice droplet. The instantaneous value of the shear force was recorded by the mechanical sensor. The contact area between the surface and ice droplet was calculated based on the image of the ice droplet taken just before the bonding force test. The shear stress was then calculated as the ratio of the shear force and the contact area. The ice adhesion strength was the shear stress at which the ice droplet detached from the sample surface as indicated by the sudden drop of the sensed shear force to zero.
Results and Discussion
Surface Topography and Wettability at −5
∘ C. Figure 3 showed the SEM images of the OTS films surface with and without treatment of nonsolvents. It can be observed from Figures 3(b) and 3(c) that there are more protrusions and voids on the treated OTS film than that on the untreated OTS film. The treatment of the nonsolvent notably changed the topography of OTS film surface. The disordered reticular structure with a submicron/nanometer size on the surface played a crucial role in the superhydrophobic property. The static contact angles and roll-off angles of the various OTS films at −5 ∘ C were listed in Table 1 . As shown in Figure 3 and Table 1 , the surface of OTS film without further treatment was hydrophobic with a contact angle of 140 ∘ and a roll-off angle larger than 90 ∘ . Both the OTS films treated with dichloromethane and acetone Journal of Nanomaterials ∘ . Superhydrophobicity is determined mainly by the characteristics of the solid surface. This phenomenon can be explained by the Cassie-Baxter model [15] . Cassie and Baxter proposed a gas cavity model for porous surface wettability. According to the Cassie-Baxter model, air is more likely to be trapped between the water droplets and the protrusions of the porous surface. The following equation is given for the contact angle of droplet on a real surface:
where is the contact angle for a real rough surface, is the contact angle for the corresponding ideal smooth surface, and ( < 1) is the fraction of solid surface area wet by the liquid. From (1), the contact angle of a real surface is always larger than that of an ideal surface under the same conditions as < 1. In this work, as shown in Figures 3 and 4 , there were many micro-nano scale protrusions on the coated silicon surface, trapping the air easily under the water droplet, so the contact fraction decreased and the WCA was much larger than that of a smooth surface. Thus, the coating film increased the hydrophobicity of the surface and provided a superb superhydrophobic surface. The complicated rough micro-nano binary structures modulated the three-phase contact line from continuity to discrete, which resulted in smaller adhesion force and rolloff angle [16] . So, the protrusions and voids on the surface contributed to the greater contact angles and smaller roll-off angles for the OTS films treated with dichloromethane and acetone. As the OTS film treated with dichloromethane had a smaller roll-off angle (4 ∘ ) than that by acetone (10 ∘ ), it was taken for an example to study the anti-icing property as well as ice adhesion strength in the following sections. Figure 4 showed the dynamic hydrophobicity of the OTS film treated with dichloromethane. The water droplet of 5 L rolled off the film with a tilting angle of 4 ∘ in 0.2 s. The images of the rolloff angle were recorded by CCD camera. It could be observed that the roll-off angle was 4 ∘ and the contact angle was 155 ∘ .
Icing Behavior.
Water was dropped onto OTS film treated with dichloromethane at 1 ∘ C and placed in the cold storage at 0 ∘ C for 3 h. The icing process was recorded by digital camera, as shown in Figure 5 .
As shown in Figure 5 , the water droplets remained in liquid state at a temperature low to −12 ∘ C on the prepared surface and did not freeze until the temperature was reduced to −15 ∘ C. The water droplets in Figures 5(a) and 5(b) could be distinguished from the ice droplets in Figure 5 (c) by the reflection of light. The experimental results indicated that the icing process of water droplets on prepared superhydrophobic surface was greatly retarded, which demonstrated the superb anti-icing property of the film.
This phenomenon could be explained by the heterogeneous nucleation theory [14, 17] . It is well known that several factors, including critical nucleation radius, nucleation radius, temperature, humidity, pressure, and surface condition, contributed to the icing process of water droplet on solid surface. However, the surface condition is the dominant factor that determines the icing process under the same conditions. Compared to homogeneous nucleation theory, the free energy barrier of heterogeneous nucleation on the surface could be expressed as a function of the contact angle between droplets and the surface, which monotonously increased with the contact angle [14, 17] .
Because the icing probability was dependent on the free energy barrier (the lower the free energy barrier is, the easier the droplet freezes), the phenomenon that the droplet on hydrophilic surface was more incidental to freeze than that on hydrophobic surface could be explained. In this study, the water contact angle of the OTS superhydrophobic surface was 155 ∘ , while the contact angle for clean silicon surface is seldom less than 50 ∘ (see Figure 7) . Thus, the potential barrier of OTS superhydrophobic surface was much larger than that of the clean silicon surface. Accordingly, the critical nucleation radius was bigger for the superhydrophobic surface. Consequently, the OTS superhydrophobic surface can retard the droplet icing on it, and the time needed to ice on OTS superhydrophobic surface is much longer than that on clean silicon surface. These results demonstrate the significant applicable probability of superhydrophobic surface in preventing the ice formation.
Ice Adhesion Strength.
In order to investigate the ice adhesion strength on the superhydrophobic surface, the shear forces of ice droplets formed on the samples were measured using a bonding force measurement system. Figure 6 showed a displacement-force curve during ice bonding force test of OTS film surface. The sudden drop of shear force to zero indicates the ice detachment. Same tests were conducted at 20 different points on OTS film surface and 8 different points on clean silicon wafer. Figure 7 compared the ice adhesion strength on clean silicon wafer and that on OTS film treated with dichloromethane. It showed that the ice adhesion strength on superhydrophobic surface averagely decreases 95.74% more than that on clean silicon wafer, which clearly demonstrates the outstanding performance of the superhydrophobic film on deicing. It was suggested that the disordered reticular structure plays a crucial role in the low adhesion strength between ice droplet and OTS superhydrophobic surface. In addition, during the shear forces test, the ice droplets were detached without exfoliation of the OTS film. This indicates that the adhesion strength of the OTS film on the silicon wafer is larger than that of the ice droplets on the coating film.
Conclusion
In this research, a superhydrophobic surface was prepared, using a simple phase-separation method. The results showed that the surface retained its excellent superhydrophobicity even in subzero environment. The superhydrophobic property was attributed to the disordered reticular structure in submicron/nanometer scale caused by the phase-separation method. The superhydrophobic surface also showed excellent anti-icing property. It was found that the OTS film surface treated with dichloromethane could markedly retard the icing progress of water droplets, as well as dramatically decrease the adhesion strength between ice droplets and the surface compared with the clean silicon surface. This indicates that the prepared OTS film surface in the study had an outstanding anti-icing performance.
